Introduction
Mounting evidence suggests diabetes, diabetes severity, and high glucose levels are associated with dementia incidence in late-life ( ≥ age 65) [1] [2] [3] [4] . Given the growing prevalence of diabetes [5] and population aging [6] , the relationship between diabetes and dementia is of great importance. A recent meta-analysis of primarily crosssectional studies demonstrated that diabetes is associated with small-to-moderate decrements across cognitive domains, with largest effect sizes for motor function, executive function, and processing speed [7] . However, associations between diabetes and dementia or cognitive function at one point in time are susceptible to confounding from lifelong social experiences. Studies examining longitudinally-assessed cognitive decline are less susceptible to confounding. Evaluating the association between diabetes and cognitive decline thus provides stronger evidence for the causal effects of diabetes and could inform strategies to prevent or delay dementia. Most studies on diabetes and cognitive decline have only examined prevalent diabetes measured at baseline, but recent studies suggest diabetes duration affects cognitive decline [8] [9] [10] [11] . It is important to study this relationship in diverse populations, as variations in risk factor distributions may modify the association. Compared with whites, African Americans have higher diabetes prevalence [5] , younger age at diagnosis [12] , poorer quality diabetes care [13] , and higher risk of some diabetes complications [13] .
By focusing on the relationship between prevalent and incident diabetes and cognitive decline in middle-aged African Americans and whites (mean age 60), our study takes advantage of large race-specific sample sizes in the Atherosclerosis Risk in Communities (ARIC) Study and builds on previous work on diabetes and cognitive function, including in ARIC [14] . Our objective was to provide race-specific measures of association between prevalent and incident diabetes and changes in cognitive function over 14 years among African American and white middle-aged adults.
Materials and Methods

Study Sample
ARIC is an ongoing community-based cohort study of 15,792 predominantly white and African American adults from four U.S. communities (Washington County, Maryland, Forsyth County, North Carolina, suburbs of Minneapolis, Minnesota, and Jackson, Mississippi) initiated in 1987-1989. The Jackson site enrolled a probability sample of African Americans aged 45-64; the other three sites included representative samples of both whites and African Americans aged 45-64 (details previously published) [15] . Cognitive function was first assessed at ARIC Exam 2 (1990 Exam 2 ( -1992 , considered baseline for the present analysis. At ARIC Exam 3 (1993 Exam 3 ( -1995 , participants aged ≥ 55 from Forsyth County and Jackson were screened for eligibility for the ARIC Brain MRI (Magnetic Resonance Imaging) Study [16, 17] . For participant safety, exclusion criteria included contraindications for MRI. Of participants screened (n = 2,891), 2% of women and 6% of men were ineligible and 25% of women and 21% men declined to participate. ARIC Brain MRI Study participants (n = 1,930) had cardiovascular risk factor profiles similar to those who declined to participate [16] . We used this sub-cohort even though brain MRI measures were not our focus because these participants underwent two additional cognitive assessments compared with the full ARIC cohort. This analysis excludes Brain MRI participants missing baseline information on diabetes, education, hypertension, or waist circumference (n = 38), who did not have cognitive assessments at any year (n = 3), or were not African American or white (n = 3), for a final sample size of n = 1,886 ( fig. 1 ). Cognitive Function ARIC Brain MRI Study participants underwent cognitive assessments at baseline (1990) (1991) (1992) and years 3 (1993-1995) , 6 (1996-1998) , and 14 (2006-2008) . Cognitive function was measured with three widely used cognitive tests: Delayed Word Recall Test (DWRT) [18] , Digit Symbol Substitution Test (DSST) [19] , and first-letter Word Fluency Test (WFT) [20] (details previously published) [21] . DWRT measures verbal learning and memory through delayed recall of 10 nouns; scores ranged from 0 to 10. DSST measures processing speed through a 90-second written task requiring translation of numbers to symbols using a key; baseline scores ranged from 0 to 85. WFT measures verbal fluency by asking participants to generate as many words beginning with letters F, A, and S as possible in 60 seconds per letter; baseline scores ranged from 0 to 84.
Diabetes
At cognitive assessments one, two, and three, participants were classified as having diabetes if they had fasting glucose level ≥ 7.0 mmol/l or non-fasting glucose level ≥ 11.1 mmol/l [22] , self-reported physician diabetes diagnosis, or anti-diabetic medication use. Participants with diabetes at the baseline cognitive assessment were classified as having prevalent diabetes. Participants first identified as having diabetes at cognitive assessments two or three were classified as having incident diabetes.
Covariates
Demographic characteristics, including age, race, sex, and education (categorized as ≥ high school, high school or vocational school graduate, or ≥ high school (any college or professional school)) were collected by interview at the baseline ARIC examination. At the baseline cognitive assessment, seated blood pressure and waist circumference were measured, and stroke and myocardial infarction history were ascertained from interview. Hypertension was defined as systolic blood pressure ≥ 140 mm Hg, diastolic blood pressure ≥ 90 mm Hg, or anti-hypertension medication use.
Mortality
Mortality was ascertained through contact with next of kin and surveying discharge lists from local hospitals, local death notices, state health records, and the National Death Index. Death certificates were requested for all deaths.
Statistical Methods
To evaluate the effect of diabetes (prevalent, incident, or no diabetes) on rate of cognitive change, we fit race-specific, linearmixed effects models with random intercepts to examine the association between diabetes and cognitive decline with time (in years) from baseline cognitive assessment as the timescale. This method uses all available repeated measures and accounts for the fact that repeated measures on the same individual are correlated. A priori, we viewed the three cognitive tests as separate outcomes, so we did not apply the Bonferroni correction for multiple comparisons. There was little evidence of subject-specific heterogeneity in time: attempts to include random slope yielded random slope variance estimates of zero. We included two-way interaction terms between diabetes and time to examine differences in cognitive decline by diabetes status; the coefficient for the interaction term represents the mean difference in rate of change by diabetes status. We fit racespecific models to examine the association between diabetes and cognitive decline separately among African American and white participants. We also fit non-stratified models with three two-way interaction terms (diabetes * race, race * time, time * diabetes) and one three-way interaction term (diabetes * race * time). We adjusted for age (continuous, centered at 60 years), sex (reference = male), education (reference = high school graduate/vocational school), waist circumference (continuous, centered at 96 centimeters), and hypertension (reference = no hypertension). The number of participants with history of stroke or myocardial infarction was low and adjustment for these factors did not influence estimates, so we excluded these variables from the final models.
We conducted three sensitivity analyses. First, to account for potential nonlinearities in cognitive change, we tried including linear spline terms in the linear mixed effects models for diabetes and cognitive decline. Second, to accommodate selective survival, we used joint models [23] composed of two sub-models with a shared random intercept for cognitive function: a linear mixed effects sub-model for cognitive decline and an exponential sub-model for mortality. Third, we excluded participants who scored in the lowest 3% on baseline cognitive tests.
Wherever possible, we followed guidelines for strengthening the reporting of observational studies in epidemiology [24] .
Results
Participants were aged 48-70 at baseline. Of the 1,886 participants, 23.8% African Americans and 9.9% whites had prevalent diabetes, 8.5% African Americans and 5.4% whites developed incident diabetes, and 67.7% African Americans and 84.7% whites had no diabetes ( table 1 ) . On average, participants with prevalent diabetes had less education, and participants with prevalent diabetes, followed by those with incident diabetes, had larger waists and were more likely to have hypertension and a history of stroke and myocardial infarction. African Americans were slightly younger, more likely to be female, had less education, larger waist circumferences and had approximately twice the prevalence of hypertension than whites.
Among participants with prevalent diabetes, African Americans were more likely to use anti-diabetic medication and had higher fasting blood glucose levels than whites ( table 2 ) . Anti-diabetic medication use was more prevalent and fasting blood glucose levels were higher among participants with prevalent diabetes than those with incident diabetes. Table 3 displays results from adjusted race-specific mixed linear effects models examining mean differences in rate of change in cognitive function over time (per 10 years) by diabetes status. Results from unadjusted models were similar (not shown). Predicted cognitive trajectories from adjusted models are illustrated in figure 2 . The figure does not display confidence bounds, but precision of estimates can be assessed in table 3 . Overall, African Americans scored lower on cognitive tests at baseline and experienced more decline than whites. Among African Americans, diabetes was not associated with greater decline on DWRT (verbal learning and memory test), but those with prevalent diabetes experienced greater decline on DSST (processing speed test) and WFT (verbal fluency test) than those without diabetes. Over 14 years, those with prevalent diabetes declined 1.7 more points on DSST (41% greater decrease) and 1.6 more points on WFT (50% greater decrease) than those without diabetes (based on estimates from table 3 ). Cognitive trajectories for African Americans with incident diabetes did not significantly differ from those without diabetes, and rate of change on DWRT and DSST did not significantly differ for those with incident versus prevalent diabetes, but participants with incident diabetes declined significantly less on WFT than those with prevalent diabetes (p = 0.004). Among whites, cognitive trajectories were similar for those with prevalent diabetes, incident diabetes, and no diabetes. Although we observed an association between prevalent diabetes and cognitive decline among African Americans but not whites, three-way interactions in nonstratified models did not approach statistical significance: DWRT: race * prevalent diabetes * time p = 0.47, race * incident diabetes * time p = 0.55; DSST: race * prevalent In sensitivity analyses, results from models with linear spline terms and analyses that excluded participants who scored in the lowest 3% on baseline cognitive tests were qualitatively similar to the results from the main analysis. Results from joint longitudinal-survival models to account for higher mortality rates among people with diabetes were similar to those from separate longitudinal models ( table 2 ) .
Discussion
Among middle-aged adults, prevalent diabetes at baseline was associated with accelerated 14-year decline in processing speed (41% greater decrease) and verbal fluency (50% greater decrease) among African Americans. Among whites, we observed less change in cognitive test scores over time and no association between diabetes and cognitive decline.
Several factors may have contributed to our finding that prevalent diabetes was associated with accelerated cognitive decline among African Americans but not among whites. Due to historical and persistent inequalities, African Americans are differentially exposed to nu- 225 merous sociocultural factors that create health disparities [25, 26] . In the present study, African Americans with prevalent diabetes had higher fasting blood glucose levels and were more likely to use anti-diabetes medication than whites with prevalent diabetes, which may represent more advanced disease. In national surveys, African Americans tend to be diagnosed with diabetes at younger ages than whites [12] and have poorer quality diabetes care [13] ; these differences may contribute to the differences observed in the present cohort. Additionally, overall, African American participants had lower baseline test scores, which may reflect differences in level or quality of education or cultural factors that influence neuropsychological test performance [27, 28] . Lastly, African Americans had larger waist circumferences more than twice the prevalence hypertension as whites; although we controlled for these factors, unmeasured comorbidities may contribute to the observed differences.
Our finding that prevalent, but not incident, diabetes was associated with accelerated cognitive decline in African Americans is consistent with recent studies showing that longer diabetes duration is associated with accelerated cognitive decline [8] [9] [10] [11] . Several studies of middleaged ( < age 65 ) whites examined the association between diabetes and cognitive decline, reporting inconsistent findings across cognitive domains [10, 11, 29] . While the Framingham Offspring Study reported no association between diabetes and cognitive decline [29] , the Doetinchem Cohort Study reported that diabetes was associated with faster decline in memory and cognitive flexibility, but not processing speed [10] , and the Whitehall II Study reported that diabetes was associated with faster decline in memory and reasoning, but not verbal fluency [11] . Several studies of white older adults have reported that diabetes is associated with accelerated decline in processing speed [8, 9, 30] , verbal fluency [31] , and verbal memory [9, 32] , while other studies have reported no association in these domains [31] [32] [33] . Differences in results across studies may be due to differences in study characteristics, including age, social factors, comorbidities, diabetes duration and severity, neuropsychological tests used, or because diabetes may have a modest effect on cognitive decline. Knopman et al. previously investigated the relationship between prevalent diabetes and cognitive decline in ARIC and also found that prevalent diabetes was associated with accelerated decline on DSST and WFT, but not DWRT [14] . The present paper builds on this previous paper by examining the association between diabetes and cognitive decline separately by race and examining prevalent and incident diabetes. The two papers also handled attrition differently. The previous analysis was restricted to participants who remained on study through year 14 (n = 1,130). Additionally, the present study includes a sensitivity analysis accounting for selective survival.
A limitation of this study is that the sample was composed of individuals who agreed to undergo brain MRI. Although Brain MRI participants had cardiovascular risk factor profiles similar to those who declined to participate, it is possible that participants included in this analysis differed from those who did not, which may impact generalizability of our results. The Jackson site included only African Americans and the Forsyth County site included more whites than African Americans [15] , so differences between the two communities may contribute to observed differences by race. Although the cognitive test battery included widely used cognitive tests, there was only one test per domain and not all domains were assessed. Selective attrition (mortality and non-mortality) may lead to underestimation of the effect of diabetes on cognitive decline. Sensitivity analyses included joint longitudinal-survival models to address selective survival, but it is possible our approach did not fully overcome this issue. In addition to mortality-related attrition, which we accounted for in a sensitivity analysis, there was 25.6% non-mortality attrition.
This study has several notable strengths. ARIC is a community-based cohort study of middle-aged adults. Participants were followed starting around age 60, prior to substantial age-related cognitive decline, and followed for 14 years. The sample included substantial numbers of African Americans and whites, which enabled us to examine the two groups separately. This is important given the higher burden of diabetes among African Americans [5, 12, 13] . Further, we examined both incident and prevalent diabetes.
Conclusion
Prevalent diabetes was associated with 40-50% greater rate of decline in processing speed and verbal fluency among middle-aged African Americans, but not among whites. African Americans had higher fasting blood glucose levels and higher prevalence of anti-diabetic medication use than whites, which may represent more advanced diabetes. This has implications for accelerated cognitive decline and onset of dementia in late-life. Future studies should examine strategies to preserve cognitive function among middle-aged adults, particularly in populations highly burdened by diabetes.
